Parallel tandem organic light emitting devices (OLEDs) were fabricated with transparent multiwall carbon nanotube sheets (MWCNT) and thin metal films (Al, Ag) as interlayers. In parallel monolithic tandem architecture, the MWCNT (or metallic films) interlayers are an active electrode which injects similar charges into subunits. In the case of parallel tandems with common anode (C.A.) of this study, holes are injected into top and bottom subunits from the common interlayer electrode; whereas in the configuration of common cathode (C.C.), electrons are injected into the top and bottom subunits. Both subunits of the tandem can thus be monolithically connected functionally in an active structure in which each subunit can be electrically addressed separately. Our tandem OLEDs have a polymer as emitter in the bottom subunit and a small molecule emitter in the top subunit. We also compared the performance of the parallel tandem with that of in series and the additional advantages of the parallel architecture over the in-series were: tunable chromaticity, lower voltage operation, and higher brightness. Finally, we demonstrate that processing of the MWCNT sheets as a common anode in parallel tandems is an easy and low cost process, since their integration as electrodes in OLEDs is achieved by simple dry lamination process. V C 2015 AIP Publishing LLC. [http://dx
I. INTRODUCTION
The rapid advance of organic light emitting diode (OLED) technology and its application to displays and solid state lighting impose substantial demands in having enhanced brightness and efficiency. Failure related to thermal degradation due to excessive currents and high operation voltages is a major problem for these devices. Tandem OLEDs developed in recent years have increased luminous efficiency and current efficiency through stacking multiple emitting units. The luminous efficiency scales approximately with the number of electroluminescent units in the tandem and multijunction OLED. 1 This approach can lead to significant improvement in lifetime by reducing the degradation that accompanies the high drive currents required to achieve similarly high brightness in a single element OLED. 2 Tandem OLEDs have high intensity optical output whose color is a linear superposition of spectra of each individual emitting sub-cell in the device. The units are usually placed in a vertically stacked monolithic geometry to provide a simple fabrication process and high resolution display capability.
Recently, tandem OLEDs consisting of multiple electroluminescent units connected in series have shown enhancement in brightness and in efficiency. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] However, such structures require a complex interfacial layer between two emissive layers which is critical for the device operation. The improved efficiency for a tandem OLED compared to traditional OLED can only be achieved if the intermediate connector between two sub-cells has excellent charge injection to both sides and negligible voltage drop across it. Many types of interconnecting layers in tandem OLEDs have been tried, such as a strongly doped organic p-n junction, 1 ITO, 4 Mg:Alq 3 /WO 3 , 6 Bphen:Li/MoO 3 , 9 and Li 2 O. 10 Even more bilayer type interlayers have been studied for tandem OPV such as AZO/ PEDOT:PSS, ZnO/PEDOT:PSS, TiO x /PEDOT:PSS, and multi-walled carbon nanotubes (MWCNT) sheets. 21, 22 The main result due to those efforts to optimize the interconnecting layers has been the development of OLEDs that are able to compete commercially for lighting applications as reported by Lumiotech and Kido et al. 23, 24 However, the operating voltage of in-series OLED tandem is still high, and therefore it requires higher voltage drive electronics. Moreover, fabrication of the interlayers in conventional tandems requires delicate handling and either vacuum evaporation or sputtering processes for their deposition. Previously, Gu et al. 3, 4 reported individually addressable stacked OLEDs with ITO interlayers fabricated with sputtering. Inevitably, the fabrication process becomes increasingly complicated. What is in urgent need is the development of alternative tandem architectures which do not require high operative voltage and complicated interconnecting bilayers. Those ones should operate at low voltages, be driven independently and easily processible, this will simplify the fabrication and could be combined with traditional OLED devices. In this sense, Omary and co-workers have reported a doping-free white OLED (DFW-OLED) and a yellow-orange PhOLED which used a metal-organic Pt(II)-pyridylazolate phosphor and obtained operation voltages as low as 2.2 V and efficiencies of 80 lm/W and 50 lm/W for the yellow-orange and white OLEDs; however, those OLEDS used the standard architecture and they are not able to tune their emission. 25 Taking into account the needs just mentioned above, Carbon nanotube (CNT) sheets could be an interesting option for interconnecting layer, since they can be transparent and mechanically strong. 26 In fact, it has been reported by our team that solar cells connected in parallel configuration with CNT interlayers are more effective than in series ones, since they do not need balanced photocurrents. 27 This demonstrates the viability to connect two OLEDs in parallel in such a way that they could be operated individually (as shown at Fig.  1) . 22, 26 Furthermore, thin layers of metals such as Aluminum and silver could be also a feasible option as interconnecting layers in the parallel configuration.
We show in this paper that a parallel geometry has numerous advantages for tandem OLEDs in comparison with in-series tandem OLED, such as Emission color tuning, lower operation voltage, and independent operation. Particularly, transparent MWCNT sheets, which have superior charge injection and electrical properties as well as thin films of metals (Al, Ag) were used as transparent interconnecting layers. MWCNTs were transferred using a simple inexpensive dry lamination process and the thin films of metals were deposited using thermal evaporation.
II. EXPERIMENTAL DETAILS

A. Fabrication of MWCNT by CVD
The process of dry-drawing of CNT sheets has been discovered in Refs. 28 and 29 and improved further by several groups, including those who emphasize the drawing of CNT yarns and fibers from vertically aligned CNT forests. [30] [31] [32] However, the mechanism of dry drawing is only now being understood and we describe it briefly below based on our theoretical model. 28, 29 Synthesis of CNT is done by Chemical Vapor Deposition (CVD) inside a three zone resistive heating furnace with two or three inch diameter quartz tube. This CVD method allows the growing of MWCNT with highly aligned forests on the silicon wafer with nano-iron catalyst deposited by e-beam deposition. After the CNT forest is grown on the silicon wafer, the horizontal aerogel be pulled out by dry drawing and transferred as free standing CNT sheets. We have been successful with fabricating mechanically strong multi-wall CNT sheets with sheet resistance as low as 120 X/sq at high optical transmission of $80%. Therefore, they are excellent candidates as interlayers for OLED, due to their transparency, simple processing, and good electrical properties. Hence, MWCNT are good option to replace transparent conductive oxides (TCO), which are typically used as electrodes in OLEDs and can significantly simplify the fabrication process and reduce the cost. [33] [34] [35] B. Fabrication of parallel tandem OLED with common cathode Figure 1 illustrates the parallel Tandem OLED made with MWCNT and/or thin metal film (Ag, Al) as common electrodes (Figures 1(b) , 1(d), and 1(e)) on top of the bottom subunits, see Figures 1(a) and 1(c). Basically, we have two types of parallel tandems: Tandems with common cathode (C.C.) and with common anode (C.A.). In the case of devices with common cathode, ITO was used as anode for the bottom subunit, 70 nm of silver film as anode for the top subunit, and 14 nm of Aluminum as interlayer (common cathode) for both subunits. The construction of this type of device involved the fabrication of a semitransparent OLED with Al as cathode in the first step (bottom subunit), see Figure 1 (a). The procedure was as follows: Initially, the substrates with patterned ITO were cleaned in an ultrasonic bath for 10 min in toluene, methanol, acetone, and isopropanol, respectively. Later, an UV ozone treatment was performed by exposing the substrates to a UV light source in air for 15 min. After this, the hole transport material (HTL) poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS) was deposited on the ITO. Subsequently, an orange emitting poly[2-methoxy-5-(2 0 -ethyl-hexyloxy)-1,4-phenylenevinylene] (MEH-PPV) was deposited by spin casting. Next, a solution made with the electron injection layer PFN (poly[(9,9-bis(30-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-ioctylfluorene)]) dissolved in methanol is spin casted. The cathode of this device is formed by coating the layer of PFN by spin coating followed by the deposition of a monolayer of cesium carbonate (Cs 2 CO 3 ) and 14 nm of Al by evaporation through a shadow mask. The second OLED (Top subunit) was fabricated on the first OLED (bottom subunit), this was made by evaporating without breaking vacuum: Lithium fluoride (LiF) as electron transport layer (ETL), tris (8- 
0 -diamine (NPB) and copper phthalocyanine (CuPc) as hole transport materials. Finally, the silver anode (80 nm) was deposited on top of the second subunit, see Figure 1 (b).
C. Fabrication of parallel tandem OLED with common anode
The process of fabrication for the parallel Tandems with common anode is similar, but in this case we have the option to put CNT sheets or a thin layer of silver as interlayer. The fabrication of the bottom subunit involved an OLED with a semitransparent electrode but the geometry was inverted, see Figure 1 (c). The fabrication of the device with Ag as common anode was as follows: First, we deposited PFN on the patterned ITO, and subsequently MEH-PPV and MoO 3 . After those layers, 14 nm of silver, CuPc, NPB, Alq 3 , LiF, and Al were deposited by continuous thermal evaporation. Figure 1(d) illustrates the final configuration of a tandem OLED with Ag as common anode. The procedure for the fabrication of the parallel tandem with CNT as interlayer is analogous: The pre-patterned indium tin oxide (ITO) layer was cleaned as mentioned above and coated from a Cs 2 CO 3 solution with concentration of 1 mg/ml in methoxy-ethanol at 1000 rpm by spin coating and form a bottom cathode, and then the active material MEH-PPV with thickness between 70 nm and 150 nm is deposited by spin casting. A layer of MoO 3 with 20 nm of thickness is deposited by thermal evaporation to improve the hole injection and to protect the active layer during the lamination of MWCNT sheet on top to form the interlayer. After this, the MWCNTs were transferred and the first OLED (bottom subunit) was finished. The fabrication of the second OLED (top subunit) started with the deposition of a PEDOT:PSS layer by spin coating at 4000 rpm. This allowed us to planarize the surface of porous CNT sheet before the deposition of the next molecules: NPB and Alq 3 .
Afterwards, LiF and Al were deposited by evaporation, see Figure 1 (e). A Keithley 236 source measure unit was used to turn on the devices and to get the curves of voltage vs. current (IV curves), while emission spectrum and chromaticity measurements were acquired with Photo Research PR-650 SpectraScan color-photometer.
III. RESULTS AND DISCUSSION
A. General operation of the parallel tandems Our approach has the potential to harvest all the advantages of the stacked OLED and at the same time introduces a series of new advantages because of the parallel connection that incorporates MWCNT sheets or metals as interlayers in tandems structures. The device structure consisted of electroluminescent units vertically stacked and electrically connected in parallel, i.e., in such a way that the interlayer plays a role of common electrode, an anode or a cathode. To the best of our knowledge, parallel tandem devices with CNT sheets as interlayers has not been undertaken before in the context of OLEDs. The conductive carbon nanotube sheets are highly transparent and improve the optical transparency of the tandem OLED. They are also compatible with flexible substrates and can support fabrication of fully transparent OLED devices. In the case of parallel tandems made with metals as interlayers, we have a maximum transparency at 528 nm (emission peak for Alq 3 ) of 47% and 13% for silver and aluminum, respectively.
In previously reported work of tandem OLEDs, the electroluminescent subunits are usually connected in series. In the series tandem OLED, the injected holes and electrons are injected from the anode and cathode, respectively. The interconnecting layer may be floating electrodes and the total carriers are transported through all active materials and interconnecting layers. Figure 2 (a) illustrates the fundamental concept of series tandem connection where the same total current I T ¼ I 1 ¼ I 2 flows through each subunit and the whole device. The interlayer injects eÀ up and hþ down; therefore, the interlayer should have low work-function on the lower side and high work-function on upper side as shown in the band diagram of the series tandem in Figure 2 (a). Operation of this device at very high brightness may require the application of nearly twice increased voltage V op ¼ V 1 þ V 2 and therefore higher current compared to traditional OLEDs, but this increased current density causes faster device degradation. In parallel tandem, the interlayers can be externally addressable to decrease the high operating voltage of the series OLED tandem. 4, 5 The current in the parallel tandem OLED configuration is the sum of the currents of each electroluminescent subunit I T ¼ I 1 þ I 2 , while the operating voltage is low: V op ¼ max of V 1 and V 2 . In this type of tandem, the semitransparent interlayer made with metals or CNT is an active common electrode, a semitransparent layer of aluminum worked as common cathode and the MWCNTs or a semitransparent layer of silver can work as common anode. Figure 2 (b) presents the concept of three terminal parallel tandem connection for common anode: Holes are injected from the interlayer to both sides of it into top and bottom OLED subunits, which have the outer top and bottom electrodes as cathodes. In the case of 3-terminal tandem with common cathode, electrons are injected from the interlayer to both sides of it toward the top and bottom subunits, which have the outer top and bottom electrodes as anodes, see Figure  2 (c). Furthermore, each electroluminescent subunit can be addressed electrically separately and therefore may be driven at a different current density which means that may be operated independently at a separate operating voltage to tune the color emission, brightness, and chromaticity. Due to this separate operation, the lifetime of parallel tandem OLED is expected to be longer. This is opposed to in-series tandem OLED where a large total current flows through both subOLEDs, which in turn will degrade them by excessive heating.
B. Electrical and optical characteristics of tandems with common cathode
Electrical characteristics were obtained in order to compare the performance of the tandem OLED with that of the individual subunits. Figure 3 . In this particular regime of operation, orange and green emissions are observed separately in the bottom and top subunits. Probably, the decrease in brightness of the top subunit in comparison with the bottom subunit is related to the poor transmittance (13%) of the Al interlayer at the maximum of emission for Alq 3 (526 nm) as shown in inset of Figure 3(b) . Also, the luminance could decrease due to light trapping effects inside the bottom subunit or due to the formation of plasmon-polariton (SPP) modes at the metallic electrode/organic interface. 36 When the two subunits of this parallel tandem are operating at the same time, the top subunit is swept from 0 to 26 V while the voltage of the bottom subunit is set at 7 V. The overall current density (I T ) of the tandem at certain voltage should be the sum of the current corresponding to the bottom subunit (I BOTTOM ) and that of the top subunit (I TOP ) and dividing it by the emission area (I T ¼ (I BOTTOM þ I TOP )/0.09 cm 2 ), see Figure 3 (a); therefore, it is expected that a higher current density is achieved for the whole tandem (both subunits are operating and measured at the same time) in comparison with that corresponding to the bottom and top subunits. However, if we compare the density of current of the bottom subunit when it is operating separately with that corresponding to the top subunit and whole tandem, we note that the bottom subunit has a higher density of current after 6 V. This suggests that the injection of current is easier for the bottom subunit due to the simultaneous presence of the electron injection layers PFN and Cs 2 CO 3 , see inset in Figure 3(a) , while the top subunit only has LiF to facilitate electron injection. The current density is lower for the top subunit and for the whole tandem in comparison with that of the bottom subunit, in consequence, the brightness of the whole tandem (device 1) was lower. A maximum of 14 cd/m 2 at 26 V is obtained for device 1 and we had 89 cd/m 2 when the top subunit operates solely, see Figure  3 (b). The curve of luminance for the whole tandem in this figure clearly shows that a maximum of luminance occurred at 7 V, which is agreement with the value of voltage for which the bottom subunit has its maximum brightness during its individual operation. From here, the luminance of the whole tandem decreased as the voltage is increased, and finally it increases again at 26 V, which is the value of voltage for which the top subunit has the maximum luminance when it is operating individually. The decrement of luminance with voltage while the current increases (see Figure 3(a) ) indicate that degradation of organic layers and of aluminum interlayer is happening. This statement is supported by the fact that the luminance and the current are increasing with voltage when the top or the bottom subunits are operating individually, compare I-V curves and luminance of each individual subunit in Figures 3(a) and 3(b) . If the current and luminance increase with voltage, an increase of the recombination rate of holes and electrons occurs and there is no device degradation. When both devices are functioning at the same time, the overall emission color was orange at the beginning because the bottom subunit is working at 7 V, orange-yellow light was observed from 18 V, and deep yellow light is obtained at 26 V. From here, it is clear that the CIE coordinates is changing as the voltage is increased in the top subunit, this emission spectrum tuning will be discussed in Sec. III E.
Figure 3(c) shows the emission spectrum for the tandem when both subunits are operating at the same time (device 1) and these for the bottom and top subunits. When both subunits are working at the same time, there is a 10 nm shifting (from 580 nm to 570 nm) in the emission peak in comparison with that obtained when the bottom subunit is solely operating. This shifting is due to the contribution of the green emission from Alq 3 (top subunit) to that of MEH-PPV (bottom subunit), and occurred after turning on the top subunit at 18 V. Also, the width of the emission spectrum corresponding to the whole tandem is more narrow compared to the emission spectra of the top and bottom subunits, suggesting that an effective mixture of colors occurred.
C. Electrical and optical characteristics of tandems with common anode
Tandems with common anode interlayer integrate two individual OLEDs and also enable color emission tuning. Therefore, it is important to know the electrical consumption of this tandem compared to that with common cathode. In this way, it is possible to know which of them is suitable for practical applications in homes or industrial processes. Figure 4(a) indicates that the turn on voltage was 4 V for the bottom and top subunits when they are operated separately. Since the turn on voltage of each subunit is similar, both subunits were turned on at the same time to operate the whole tandem and a color tuning was observed. According to Figure 4 (a), total current in the whole tandem is lower than that of the bottom subunit. We expect to have higher total current for the tandem because the current in this mode of operation is the addition of the current corresponding to each individual subunit. The behavior for the current should be linear, but such effect is not observed. This indicates that the behavior for the total current when both subunits are operating simultaneously with a common anode in parallel is not simply linear, as would be expected for passive resistances connected in parallel. In addition, the total current was lower probably because we had leakage current in the top subunit. The detailed study for the non linear behavior of the total current as function of the applied voltage is out of the scope for this work but it will be analyzed in a subsequent article. We expect lower current for the bottom subunit because of the big gap of 1.8 eV between the ITO and the PFN, see inset in Figure 4(a) . Nevertheless, this subunit had the biggest current. It has been reported that the interaction between amino groups in polymers (used as electron injecting layers) with the surface of high work function metals (used as cathodes) such as gold (5.2 eV) and aluminum (4.3 eV) can form an interface dipole or negative dipole potential, which is favorable for electron injection. As result, an effective decrease in the electron injection barrier height is possible. 31, 32 In our case, PFN has amino groups and also we have the ITO with high work function (4.7 eV), then we speculate that there is possibly a strong interaction between the PFN and the ITO, which produces an enhancement of the interface dipoles. In consequence, the electron injection barrier from ITO to PFN is decreased considerably, allowing the injection to the bottom device easily. The resistance sheet for the 14 nm of silver is high (146 X/cm 2 ), this make difficult the injection of holes from Ag into the top subunit, creating an unbalance between the holes and the electrons injected through the Al layer. As consequence, the luminance is lower for the top subunit in comparison with the bottom subunit, see Figure 4 (b). The total brightness for the whole tandem at 7 V (1228 cd/m 2 ) was $19% higher than that obtained at the same voltage by adding the brightness for the top subunit (411 cd/m 2 ) and that of the bottom subunit (624 cd/m 2 ) which were measured independently, and this enhancement in brightness clearly demonstrates and advantage of the parallel configuration. Moreover, the maximum brightness for the whole tandem was 6300 cd/m 2 at 8 V. Thus, this parallel configuration with common anode is useful to increase efficiency, since the electrical power needed to get 1228 cd/m 2 (P total ¼ 0.272 W) was $40% lower than that obtained by adding the power of the individual subunits (P Bottom þ P Top ¼ 0.451 W). Another advantage for this parallel configuration is the fact that the operation voltage is lower than that for the in-series tandem. This will be explained subsequently in Section III F.
Tandems with common anode showed orange and green emissions when the bottom and top subunits are operating separately, and yellow emission if both subunits are working at the same time, Figure 4 (c). The mixture of orange and green color produces a relatively pure yellow emission band; therefore, this spectra are more narrow compared to the other spectra. The high transmittance of 47% at 526 nm (emission peak of Alq 3 ) of the silver interlayer used as common anode, allowed us to observe the green emission of the top subunit, see inset in Figure 3(b) . The yellow emission for the whole tandem with common anode (device 2) is broader than that for the tandem with common cathode (device 1), due to the higher contribution of green emission to the orange emission to produce yellow light. This result points out that more green light could be produced from the top subunit in device 2 in comparison with the top subunit in the device 1 even if this light is crossing all the layers of the tandem to reach the glass side, in consequence we have more green light as observed in the spectrum. In the case of the device 1 with common cathode, the transmittance of the aluminum interlayer is very low and most of the energy coming from the top device is lost.
On the other hand, the quantum efficiency is better for the Alq 3 molecule compared to the MEH-PPV polymer. 32, 34 Therefore, we should have better efficiency for the top subunit, the current for the top subunit is the lowest compared to the bottom subunit (measured separately) and the whole tandem (device 2), see Figure 4 (a). The brightness for this one is similar than that for the bottom subunit, see Figure  4 (b). The efficiency at 7 V was 1 Cd/A for the top subunit, 0.3 Cd/A for the whole tandem, and 0.1 Cd/A for the bottom subunit. It is desirable an increase in efficiency when both subunits are operating at the same time, but in this case when both subunits are working, the efficiency is lower in comparison with that for the top subunit. This indicates that the efficiency does not have a linear behavior of the efficiencies of subunits, because of several obvious reasons, including non-linearity of unbalanced currents of common anode and cathodes injections. The brightness corresponding to the whole tandem was the highest (device 2) but we did not observe increased efficiency for the tandem compared to the subunits, due to non linear behavior when both subunits are operating at the same time. Thus, the ratio luminance/density of current (Cd/A) obtained when the whole tandem is operating was not enough to have a higher efficiency as compared to that of the top subunit.
D. Parallel tandems made with CNT as interlayers
The tandems made with CNT had an interlayer with high transparency (>85%). Despite of this high transparency, the conductivity of the p-type CNT is low (sheet resistance was high around 1 kX/cm 2 for 1 layer of CNT) and therefore lower efficiency compared to devices with metallic interlayers was observed. Parallel tandem with CNT based common anode is easier to fabricate because of CNT sheet work function. This work focuses on tandems with common anode, since the tandems with common cathode are not possible to make under our experimental conditions. We had difficulties to planarize the CNT layer, which is very important to avoid shorts during the fabrication of the top subunit. At this moment, we did not find some material to planarize the CNT sheets used as common cathode. On the contrary, PEDOT:PSS planarizes the CNT sheet surface and the fabrication of the top subunit is perfectly possible for parallel configuration with common anode. The parallel tandems are three electrode devices which have two cathodes (top and bottom) and the CNT interlayer as the common anode, see Figure 1 (e). The two units were driven individually with two power supplies. The structure of a parallel tandem OLED with a polymer and a molecule as emitters in the bottom and top subunits, respectively, is ITO/Cs 2 CO 3 / MEH-PPV (150 nm)/MoO 3 (20 nm)/MWCNTþPEDOT:PSS/ NPB (50 nm)/Alq 3 (50 nm)/LiF (2 nm)/Al (80 nm). During the measurements, the driving voltage of the top subunit is increased in steps of 0.5 V and its luminance is measured, at the same time the bottom subunit is driven at constant voltage (V ¼ 7 V) once the top subunit sweep reached the 4.5 V step. The curve of current density as a function of voltage for the top subunit (green emitting OLED) is shown in Figure 5(a) . The bottom orange emitting subunit had a luminance of 60 cd/m 2 at 7 V. The combined luminance of the tandem vs. the voltage is also shown in Figure 5(a) , the maximum luminance was 240 cd/m 2 at 7.5 V. It is difficult to inject electrons to this device through the ITO according to inset in Figure  5 (a). The energy gap between the ITO and the Cs 2 CO 3 is 2.4 eV. The energy gaps to inject holes from the CNT to the MoO 3 and to the PEDOT:PSS are 0.1 eV and 0 eV, respectively, and the gap to inject electrons from the Al cathode in the top subunit toward LiF is 0.6 eV. Due to those energy differences in the barriers, the luminance in the bottom subunit was the lowest.
The emission spectra of the above parallel tandems OLEDs in operation are presented in Figure 5(b) . The normalized light intensity as a function of the wavelength is shown in all cases of operation (each subunit driven individually or together in tandem operation). The individually controlled OLED subunits may be separately driven to tune the emission to any color between the green and orange edge points. Then, this parallel tandem OLED can be used to create yellow light as result of the mixture of colors coming from the green and orange-red emitting subunits. The inset of Figure 5 (b) shows a photograph of the whole tandem (device 4) in operation. Selective operation of top subunit only results in light emission of green color (565 nm) as expected, while operation of the bottom subunit results in yelloworange emission centered at 582 nm. Simultaneous operation of both subunits yields a yellow spectrum, see Figure 5 (b). Therefore, tuning of chromaticity can be achieved by driving each subunit at a different current density at any color between yellow-red and green, see line drawn on the CIE chart in Figure 5(c) . Finally, the efficiency in this type of devices is low. Nevertheless, the device performance will be dramatically improved with availability of highly conductive, transparent, and thin MWCNT (low density of tubes inside planarization layer) sheet. We are progressing toward this goal by adding silver nanoparticles to our CNT. 37 
E. Tuning color emission and CIE coordinates
The CIE coordinates corresponding to each emission spectra were calculated for each subunit in parallel tandems in order to identify their position in the CIE chart of 1931. Figure 6(a) shows that the emission of the bottom subunit of parallel tandems with common cathode or anode are in the orange region, while the emission of the top subunits is located in the yellow and green regions for tandems with common cathode and anode, respectively. This result suggests that the purity of color emission of top subunits is better in tandems with common anode because the green emission of Alq 3 (the emitting molecule of top subunits) obtained in this type of tandems matches that obtained by photoluminescence. Figure 6(b) shows the path for color tuning when both subunits are turned on in parallel tandems. In the case of tandem with common cathode (blue path), the voltage of the top subunit is set to 7 V and we swept voltage in the top subunit from 2 V to 26 V (step of 2 V). At the beginning, the emission was orange with CIE (0.59, 0.38) and the voltages were 2 V and 7 V for the top and bottom subunits, respectively. After increasing voltage successively until 18 V (this is the turn on voltage for the top subunit), the tonality of orange emission changed and its CIE coordinates were (0.57, 0.42), the voltage was increased again and we observed yellow emission with coordinates of (0.47, 0.48) at 26 V, see Figure 6 (b). In this case, the emission shifted from orange to yellow due to the addition of the green component corresponding to the top subunit to the orange emission of the bottom subunit as the voltage was increased. In the case of tandem with common anode, the changes in color are more evident. Since the turn on voltage of each subunit is similar, the same voltage was applied to both subunits to turn on the whole tandem and color tuning was observed. At the beginning, an orange emission with CIE (0.55, 0.45) is observed, suggesting that most of light is being produced by the bottom subunit, see black path in Figure 6 We fabricated an additional tandem device in series to compare the current, the luminance, and efficiency with our best device in parallel configuration (tandem with common anode). Although the thicknesses of the layers in this device were not optimized to achieve a maximum efficiency, they are the same to those ones used for the parallel tandems. This allow us to compare both types of tandems and we can figure out the advantages of the parallel configuration over these in-series, the general structure for this device 3 was ITO/PEDOT:PSS (60 nm)/MEH-PPV (84 nm)/LiF (2 nm)/ NPB (50 nm)/Alq 3 (70 nm)/Al (80 nm). By comparing the current from the devices 2 and 3, see Figure 4 (a), it is observed that the tandem with common anode has higher density of current than that in series. According to the band diagrams in inset of Figure 4 (b), the current injected through the Al in the tandem in series would go across 6 layers and there is a relatively high barrier of 0.7 eV between the LiF used as interconnecting layer in the tandem and the LUMO for the MEH-PPV. On the contrary, the current going through the parallel tandem with common anode, see inset in Figure 4 (a), needs to go across 3 or 4 layers maximum and the total current is the non linear addition of the current in both devices. As consequence, it is expected to get lower current in the device in series since the current necessitates to go across more layers and to overcome higher potential barriers to reach the LUMO in each electroluminescent material. In addition, the brightness for the device 3 (in-series tandem) is in general lower than that for device 2 in parallel under forward bias, even though the turn on voltage is the same (4 V), see Figure 4 (b). Higher voltages are required in the in-series tandems to reach a maximum brightness, that is, 15 V to get 4650 cd/m 2 compared to only 8 V in parallel tandems where a maximum luminance of 6265 cd/m 2 was reached, see Figure 4 (b). The brightness for the device 3 is lower than for 2 because we are operating this device at a higher voltage, and then it is easier to reach the critical point of saturation of current. This in turn limits the brightness, electrons should arrive to the LUMO of the MEH-PPV and Alq 3 to produce the simultaneous emission of both, see the emission spectrum of the device in series at 14 V in Figure  4 (c). The interconnecting layer plays an important role to facilitate the emission of both materials, electrons which are not recombined in the Alq 3 layer continue moving through the rest of layers until they arrive to the LUMO of the MEH-PPV. In consequence, higher voltage is needed to conduct enough electrons toward the Alq 3 and MEH-PPV emitters and to produce high brightness, but at this point the current reaches its limit and the brightness cannot increase anymore. Those results indicate that the tandem in parallel with common anode is more convenient to get higher brightness with lower operation voltages. The tandem in series had a broader emission spectrum compared to device 2, but the mixture of colors to produce a third one is not possible in this configuration, see Figure 4 (c). Another advantage we have for the devices in parallel is tuning the yellow emission peak by varying the voltage as observed in Figure 6 (b), while the CIE coordinate for the device in series is fixed and close to the green-yellow region, see Figure 6 (a). The efficiency at a maximum brightness for the device in series was 2.5 times higher than that for the device 2 with common anode. The efficiency for the device 2 is reduced because the transmittance of the silver layer is relatively low (47%), then part of light generated in the top subunit is lost. Also there are losses of energy caused by absorption of the layers which are forming the OLED in the bottom subunit. Although the luminance of device 2 is higher compared to device 3, the ratio of light generated/current consumed is higher for the device in series, therefore the efficiency is higher. If we increase the transparency and the conductivity for the interlayer, surely the efficiency for the parallel tandem will increase. In general, the parallel tandems can operate with higher brightness at low voltages (6 or 7 V), which is an additional advantage over the tandems in series, which need above 10 V to get the same brightness. According to CIE charts in Figure 6 , the tandems made with parallel configuration are promising because we can tune the overall emission by changing the voltage in each subunit. The configuration and materials employed in this work, permitted us to go from the orange region toward the green region when we used in parallel tandem both metals and CNT as interlayers.
The demonstrated new architectures of tunable parallel tandem OLEDs are of particular interest for display and lighting applications. In lighting, white light OLEDs are constructed by mixing of two or more complimentary colors (electroluminescent units). The individual driving of each subunit allows fine tuning of the chromaticity and achieving optimum CIE coordinates. In color display technology, the current approach has pixels consisting of a red, blue, and green units placed next to each other. High resolution displays and micro-displays can be improved with the parallel tandem OLED architecture because two or more subunits can be placed in a vertically stacked geometry: one on the top of other and at the same time can be driven individually (to produce a required color) as part of an active matrix color display. The parallel tandems which used semitransparent metallic films as interlayers seem to be promising for application in lighting and displays. If the thin interconnecting layer is improved, we expect to have better brightness and efficiency. We can use any type of materials in our new configuration to get white light, that is, polymer and small molecule active materials with complimentary colors may be combined in white OLEDs tandems. The generation of white light in parallel tandems is in process now and our results would be published elsewhere soon.
IV. CONCLUSIONS
In summary, this work demonstrated the parallel tandem OLEDs with common anode as well as common cathode using carbon nanotubes and thin metal films as active interlayers.
We compared their operation with that of "in series" OLED tandems which had a similar architecture of sub-units and observed higher brightness, lower operation voltages, and better color tuning for parallel geometry. Also, we showed that the efficiency of parallel tandems which used metallic films as interlayers is better than those obtained with transparent CNT as interlayers. We could use a low cost and good conductive MWCNT sheets as common anodes in parallel OLEDs but the disadvantage is that the brightness is limited. In the case of parallel tandem with metallic films as interlayers, we do not have this problem of brightness saturation and the higher luminance could be achieved. The origin of this phenomena is related with high sheet resistance of CNT-sheets; thus, lower serial resistance at higher currents and voltages is needed for higher brightness. If the sheet resistance (Rsh) of CNT interlayers is decreased below 100 X/sq, this problem will be easily eliminated. Nanocomposites of CNT with highly conductive nanowires can solve this problem by lowering Rsh. We have recently shown preliminary results for CNT decorated with AgNWs, those CNT had improved conductivity and at the same time high optical transparency. 37 Therefore, CNT are promising because they can potentially replace traditional TCOs in state of the art devices. We have shown proof of concept for parallel tandem OLEDs with common anode and/or cathode with combinations of orange and green emitting materials. Those results also suggest us that the parallel tandem technique can be used for phosphorescent OLEDs. In particular, we find our configuration attractive to investigate the use of phosphors with a dopant-free white OLEDS (DFW-OLED) architecture, in such way that a white color is produced by two neat (undoped) emissive layers using the approach reported by Omary and co-workers. 25 Thus, instead of using a green and red fluorescent emitters, the use of turquoise and orange broader band phosphorescent emitters in the two tandem subunits is expected to render white EL with higher efficiency. Finally, we demonstrated that the parallel tandems have tunable emission as well as selective operation of OLED sub-units.
